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Fig.1 Flow diagram for the preparation of 
Ce0.8Sm0.2O1.9 powder by carbon-assisted spray 
pyrolysis 
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Abstract. Spherical samarium doped ceria (Ce0.8Sm0.2O1.9, SDC) powders having high specific 
surface area (SSA) were successfully synthesized by carbon-assisted spray pyrolysis (CASP). 
Saccharides, such as monosaccharides and disaccharides, or organic acids were used as carbon 
sources. The physical and chemical properties of these powders were investigated using X-ray 
diffraction (XRD), scanning electron microscopy (SEM), Thermo gravimetry-Differential Thermal 
Analysis (TG-DTA), and BET. Decarbonized powders obtained by this method exhibit spherical 
morphologies and nano- and submicron-sizes. The SSA of SDC obtained from CASP was more than 
seven times higher than that obtained from conventional spray pyrolysis (CSP). The SSA of the 
decarbonized SDC powders obtained by calcination at 900 °C was estimated to be approximately 70 
m
2
/g by using the BET method. The relative density of SDC obtained from CASP was higher than that 
obtained from CSP. The relative density of the SDC pellet was highest (96 %) when it was sintered at 
1400 °C. 
Introduction 
Solid oxide fuel cells (SOFCs) have attracted much attention as energy conversion devices because 
of their higher conversion efficiency and low environmental impact. In typical high-temperature 
SOFCs, yttria-stabilized zirconia (YSZ) is used as the electrolyte [1-3]. Samarium doped ceria 
(Ce0.8Sm0.2O1.9, SDC) ceramics are known to have superior oxygen ion conducting properties 
compared to YSZ electrolytes. However, SDC powders synthesized via conventional solid-state 
reactions need to be densified by prolonged heating at temperatures as high as 1600–1800 °C in order 
to achieve the required chemical homogeneity and desirable density [4]. Such high sintering 
temperatures restrict microstructural control of the resulting ceramics. If dense SDC electrolytes can 
be prepared at lower temperatures, it will be easy to co-sinter them with the electrode material, which 
will simplify the procedure and reduce the costs of fabricating the SOFCs. Nano-sized SDC powders 
are expected to exhibit rapid densification kinetics, 
lower sintering temperatures, finer microstructures, 
and superior properties of the sintered materials 
compared with bulk SDC powders. Thus, in recent 
years, several methods have been attempted for 
synthesizing different types of SDC powders, such 
as the conventional solid-state reaction, and the 
sol-gel [5] and hydrothermal syntheses [6]. Spray 
pyrolysis is known to be useful in the rapid 
production of multi-component powders in a 
continuous process [7-8]. The advantages of spray 
pyrolysis are: (a) spherical morphologies, (b) 
narrow particle-size distribution, (c) easy 
preparation of powders with complex compositions, 
and (d) relatively homogeneous compositions. 
However, synthesis of nano-sized SDC powders 
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Fig. 2 SEM images of SDC/C powders derived from 
 (a)citric acid (b)malic acid (c)fructose (d)sucrose  
Table 1 Specific surface area of SDC/C 
powders derived from various carbon 
sources 
Carbon source SSA（m
2
/g） 
Citric acid 8.1 
Malic acid  10.9 
Fructose 149.3 
Sucrose 148.3 
 
using spray pyrolysis is relatively complicated than that using conventional spray pyrolysis (CSP). On 
the other hand, a previous research on spray pyrolysis proved that carbon composite powders calcined 
in an oxygen-free atmosphere successfully obtained high-surface area powders [9]. 
In this study, SDC powders having high specific 
surface area (SSA) were synthesized by carbon-assisted 
spray pyrolysis (CASP) using several types of organic 
compounds as carbon sources. In addition, the influence 
of the high SSA of nano-sized particles on the 
sinterability of SDC was investigated. 
Experimental 
In the synthesis of SDC powders, stoichiometric 
amounts of metal nitrates were used as starting materials 
and were dissolved in distilled water containing nitric 
acid. Carbon sources such as sucrose, fructose, citric acid, 
and malic acid were added to the aqueous solution until its 
concentration reached 100 wt%. The starting solution was 
misted in an ultrasonic nebulizer at a frequency of 1.6 
MHz and carried into an electrical furnace by air at a flow 
rate of 7.0 dm
3
/min. The pyrolysis temperature was 500 or 
600 °C. As-prepared precursor powders were corrected in 
a cyclone and calcined at 900 °C for 10 h in a furnace 
under a nitrogen atmosphere. The overall preparation 
scheme is illustrated in Fig. 1. The crystal phases of the 
as-prepared and calcined powders were identified by 
powder X-ray diffraction (XRD, Shimadzu, XRD-6100) 
using CuKα radiation. Particle sizes and morphologies 
were determined by scanning electron microscopy (SEM, 
JEOL, JSM-6390YH). The average particle size was 
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Fig. 3 XRD patterns of SDC/C powders 
derived from various carbon sources 
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Fig. 4 Specific surface area of SDC/C 
calcined powders (pyrolysis temperature 500 
or 600 °C, sucrose, N2) 
determined using a fiber-optics particle analyzer 
(Otsuka Electronics, FPAR-1000). The SSA of the 
as-prepared powders was measured by the BET method 
using N2 adsorption (SSA, BEL, BELSORP-miniII). 
Results and Discussion 
Figure 2 shows the SEM images of SDC/C powders 
obtained by calcination at 900 °C under a nitrogen 
atmosphere. The SEM images indicated that all SDC/C 
powders possessed irregular particle morphologies. The 
average particle size of SDC/C powders derived from 
saccharides (Figs. (c), (d)) was smaller than that derived 
from organic acids (Figs. (a), (b)). 
Table 1 shows the SSA of SDC/C powders derived 
from various carbon sources. The average SSA of 
SDC/C powders derived from organic acids was 
smaller than that derived from saccharides. The SSA of 
the SDC/C powders derived from saccharides was 
estimated to be approximately 150 m
2
/g by using the 
BET method.  
Figure 3 shows the XRD patterns of SDC/C powders 
derived from various carbon sources. The as-prepared 
precursor powders were amorphous but were 
well-crystallized by calcination under a nitrogen 
atmosphere. XRD revealed that the diffraction patterns 
of all samples agreed well with cubic fluorite structures 
(CeO2 peaks), and no other phases were observed. 
Therefore, no peaks for crystalline carbon appeared in 
the diffraction pattern throughout the temperature 
range; this indicates that the carbon generated from 
organic materials is amorphous and that the presence of 
carbon does not influence the crystal structure of SDC. 
 Figure 4 shows the SSA of SDC/C (derived from 
sucrose) calcined powders obtained by pyrolysis at 500 
or 600 °C. The SSA of SDC/C powders gradually 
increased with increasing calcination temperature. This 
result is believed to be caused by the carbonization of 
organic compounds, which occurred at a higher 
temperature. The SSA of SDC/C powders obtained by 
pyrolysis at 500 °C was higher than that obtained at 
600 °C, except for calcination at 700 °C. 
Figure 5 shows the SEM images of SDC/C powders 
obtained by calcination at 500 °C under an air 
atmosphere. It can be seen that the surfaces of the 
calcined powders do not appear as fine particles. This 
result is believed to be caused by the combustion of 
carbon particles. The calcined powders exhibited 
porous surfaces and appeared to be agglomerates of the 
primary particles, which were connected to each other.  
 
 
 
 
 
Fig. 5 SEM images of SDC powders derived 
from sucrose (a)SDC/C (b)after calcination in 
air 
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Fig. 6 Specific surface area of SDC powders 
synthesized by CASP and CSP 
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Therefore, the carbon molecules seem to retard the 
agglomeration between the primary nano-sized 
crystallites. 
Figure 6 shows the SSA of SDC powders. The 
SSA of SDC obtained from CASP was more than 
five times higher than that obtained from CSP. The 
SSA of the decarbonized SDC powders obtained by 
calcination at 900 °C was estimated to be 
approximately 70 m
2
/g by using the BET method. 
Figure 7 shows the relative density of SDC pellets 
sintered at various temperatures for 10 h (0.1 
mol/dm
3
). The relative density of SDC obtained from 
CASP was higher than that obtained from CSP. The 
relative density of SDC pellets was highest (96 %) 
when the powder was sintered at 1400 °C. 
Conclusion 
Spherical SDC powders having high SSA were successfully prepared by CASP. Saccharides, such 
as monosaccharides and disaccharides, or organic acids were used as carbon sources. The average 
SSA of SDC/C powders derived from organic acids was lower than that derived from saccharides. 
The decarbonized powders obtained by this method exhibit spherical morphologies and nano- and 
submicron-sizes. The SSA of SDC powders obtained from CASP was more than seven times higher 
than that obtained from CSP. The SSA of the decarbonized SDC powders obtained by calcination at 
900 °C was estimated to be approximately 70 m
2
/g by using the BET method. The relative density of 
SDC obtained from CASP was higher than that obtained from CSP. The relative density of the SDC 
pellet was highest (96 %) when it was sintered at 1400 °C.  
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Fig. 7 Relative density of SDC pellets sintered at 
various temperatures for 10 h (0.1 mol/dm
3
) 
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